Social isolation in the pre-stroke environment leads to poorer outcomes after an ischemic injury in both animal and human studies. However, the impact of social isolation following stroke, which may be more clinically relevant as a target for therapeutic intervention, has yet to be examined. In this study, we investigated both the sub-acute (2 weeks) and chronic (7 weeks) effects of social isolation on post-stroke functional and histological outcome. Worsened histological damage from ischemic injury and an increase in depressive-like behavior was observed in isolated mice as compared to pair-housed mice. Mice isolated immediately after stroke showed a decrease in the levels of brain-derived neurotrophic factor (BDNF). These changes, both histological and behavioral, suggest an overall negative effect of social isolation on stroke outcome, potentially contributing to post-stroke depression and anxiety. Therefore, it is important to identify patients who have perceived isolation post-stroke to hopefully prevent this exacerbation of histological damage and subsequent depression.
Introduction
Stroke is the fourth leading cause of death and the primary cause of long-term adult disability in the United States (American Stroke Association, 2012). Stroke affects physical, cognitive, and social functioning. Perceived social isolation contributes to mortality and morbidity in patients with cerebrovascular disease, but the underlying mechanisms for this are unknown [1] [2] [3] . Pre-stroke social isolation leads to poor functional and cognitive recovery in humans, and has been linked to an increased risk of post-stroke depression (PSD) and post-stroke anxiety (PSA) [4] [5] [6] [7] . PSA occurs with PSD in approximately 25% of isolated stroke patients [8, 9] . Stroke patients report higher perceived social isolation after stroke than age-matched healthy individuals [10] , which is thought to contribute to the higher recurrent stroke rates seen in isolated individuals [4] .
Importantly, the detrimental effects of social isolation can be modeled in animals. Isolation prior to an induced stroke exacerbates histological ischemic damage in rodents [11] [12] [13] , an effect mediated in part by an increased pro-inflammatory signaling via NF-ĸB [13] . However, since many "isolated" patients are not identified until they come to medical attention after a stroke has occurred, assessing the effects of social isolation after stroke on outcome is critical to translational efforts targeting social factors in stroke recovery.
Across 51 clinical studies, approximately one-third of stroke survivors are diagnosed with post-stroke depression (PSD) [14] . Depression is associated with higher morbidity and mortality [15] , greater disability, and poorer recovery after stroke [16] [17] [18] . Depression correlates with markers of inflammation such as interleukin-6 (IL-6) and C reactive protein (CRP) in humans [19] . The detrimental effects of pre-stroke isolation in animal models has been linked to an enhanced neuroinflammatory response to injury and elevations in IL-6 but the link between social behavior, inflammation, and depression remains unclear [13, 20, 21] . Much less is known regarding the contribution and involvement of these pro-inflammatory signaling pathways in isolation that occurs after stroke.
Neurotrophins play an important role in depression and are emerging as a possible role depression following stroke [22] [23] [24] [25] . Hippocampal levels of brain-derived neurotrophic factor (BDNF) clinically correlated with mood elevation after pharmacological treatment for depression in humans [26] and in rodents [27, 28] . BDNF is a known regulator of neuronal plasticity and neurogenesis [29] in addition to regulating behavioral and cellular metabolic responses to environmental stimuli [30] and environmental enrichment [31] , and is higher in pair housed than in isolated rodents [21, 32] . BDNF is also known to be neuroprotective after experimental brain injury [30] and enhances synaptic plasticity and functional outcome after MCAO [33] . Therefore BDNF may play a role in both PSD and repair after ischemic injury. While the effects of pair-housing mice prior to an induced stroke leads to a positive impact on stroke recovery and infarct size in the stroke animal, the nature of the behavioral interactions induced by the partner have not yet been explored [13] . Living with an unwell individual as opposed to a healthy caretaker may affect stroke recovery and mood in both the patient and the caretaker. We investigated whether there was a benefit to housing with a healthy partner in our post-stroke isolation design.
This study investigates the interaction of post-stroke social isolation on histological outcomes, functional recovery, and depressive phenotypes. BDNF levels in brain, serum inflammatory markers, motor function, and depression-like and anxiety-like behavior in mice isolated after experimental stroke were examined.
Methods

Experimental Animals
Eight-week-old male C57BL/6 mice (23-27 g) were obtained from Harlan Laboratories, Inc (IN). Mice were housed in a temperature controlled room (74 ± 2 °F) with ad-libitium access to food and water and maintained under a 12-hour light/dark cycle (lights on at 7:00 AM). Experimental procedures were conducted during the light phase. After arrival and acclimation for one week, mice were group-housed for one week and then pair-housed. Depending on the experimental group, mice were randomly assigned to remain pair-housed (PH) or were housed individually (socially isolated: "ISO") after surgery ( Figure 1 ). All experimental procedures were conducted in accordance with protocols approved by the Animal Care and Use Committee of the University of Connecticut Health Center. All behavioral testing was performed by an investigator blinded to housing condition.
Middle Cerebral Artery Occlusion Model
Focal transient cerebral ischemia was induced by 60 minutes of reversible right middle cerebral artery occlusion (MCAO) under Isofluorane anesthesia followed by reperfusion as described previously [34, 35] . Sham animals underwent the same procedure but the suture was not advanced into the MCA. During surgery and ischemia, rectal temperature was monitored with a Monotherm system (V WR LabShop, Batavia, IL, USA) and maintained at approximately 37 °C with an automated temperature control feedback system. Cerebral blood flow reduction of >80% of baseline after suture insertion was confirmed in all stroke animals by Laser Doppler Flowmetry (Moor Instruments). All animals, both stroke and sham, were administered 0.2 mL saline subcutaneously day 0-5 post-stroke to ensure survival and had free access to wet mashed food.
Experiment 1
In order to assess the impact of stoke and social isolation on anxiety-and depression-like behaviors, mice were randomized and subjected to a transient stroke (ST) or a sham surgery (SH). Immediately after surgery, mice were assigned one of six groups using 2 × 3 experimental design with stroke condition, sham (SH) or stroke (ST) as the first betweensubjects factor and post-stroke housing condition, housed with sham (SH), housed with stroked (ST) for the healthy partner studies, or housed in isolation (ISO) as the second between-subjects factor. Thus, the six groups were: SH/SH (n= 10), SH/ST (n= 10), SH/ISO (n= 8), ST/SH (n= 10), ST/ST (n= 10), ST/ISO (n= 10). Mice remained in these housing conditions throughout the experiment.
The mice were then subject to behavioral testing by a blinded investigator. The open field test (OFT) was administered on days 1, 3, 5, 7, and 10 post-stroke. On day 11, the elevated zero maze (EZM) test was conducted, followed by the forced swim test (FST) on day 13. Mice were sacrificed on day 13, two hours after the FST ( Figure 1A ).
Experiment 2
Experiment 2 was designed to assess long-term depression-and anxiety-like behavior after stroke. The same experimental procedures used in Experiment 1 were used. Behavior on the EZM was assessed on day 11 post-stroke and the FST was conducted on day 33 post-stroke. Animals were sacrificed on day 49. The experimental design was identical to that in experiment 1, and the experimental groups were as follows: SH/SH (n= 8), SH/ST (n= 9), SH/ISO (n= 10), ST/ST (n= 9), ST/SH (n= 8), ST/ISO (n= 8) ( Figure 1B ). Mice remained in these housing conditions throughout the experiment.
Neurological Scoring
Neurological deficit scores (NDS) were obtained on days 0-5 post MCAO surgery and after behavioral tests using a five point scoring scale. The scoring used was as follows: 0, no deficit; 1, forelimb weakness and torso turning to the ipsilateral side when held by tail; 2, circling to affected side; 3, unable to bear weight on affected side; and 4, no spontaneous locomotor activity or barrel rolling as described previously [36] .
Behavioral Testing
Mice were acclimated to the testing room in their home cages 1 hour before behavioral testing. All apparatuses were wiped with 70% ethanol between animals. All testing was performed at the same time of day to avoid circadian variations in activity.
2.6.1. Open Field Test-General locomotor activity and anxiety-like behavior was assessed with the OFT Mice were placed in the front right corner of a clear acrylic box (16" × 16") and allowed to explore the box for 20 minutes. Locomotor activity was quantified as the total number of beam breaks by a computer operated PAS Open Field system (San Diego Instruments, San Diego, CA). The percentage of beam breaks in the center zone (13" × 13") was used as a measure of anxiety-like behavior [37] . Tests were administered at several timepoints to view trends without hindrance by habituation [38] .
Elevated Zero Maze-
The EZM was also used to assess anxiety-like behavior. The maze consisted of a circular track divided into four equal sections with two open quadrants and two closed quadrants enclosed by 6"-tall walls (San Diego Instruments, Inc, San Diego, CA). Mice were placed at the entry way of a closed arm and allowed to explore the maze for 5 minutes. Time spent in the open arms and number of entries into the open arms were recorded by an observer and a video camera. Anxiety-like behavior was determined by the percent of time spent in the open arms [39] . The EZM is a variant of the elevated plus maze. However it eliminates the ambiguity of the open/closed area at the center of the elevated plus maze [39] .
Forced Swim
Test-To assess depression-like behavior, mice were placed in an open glass cylinder (diameter: 10 cm, height: 25 cm), which was filled to a height of 15 cm with water (25 ± 1 °C) for 6 minutes. Sessions were recorded by a video camera. Time spent immobile was later scored by a blinded observer. Immobility was defined as floating passively in the water, performing only movements necessary to remain afloat. After the 6 minute session the mice were removed from the water, dried off with a paper towel, and returned to their home cages [40] . Immobility was assessed during last four minutes of the six-minute trial as previously described [41] .
Histological Assessment
Mice were anesthetized with a 0.1mL/10g body weight dose of avertin (Sigma) dissolved in 2-Methyl-2-Butanol. Animals were perfused transcardially with cold phosphate-buffered saline followed by 4% paraformaldehyde. The brain was then removed from the skull, postfixed for 24h, and subsequently placed in cyroprotectant (30% sucrose) for a minimum of three days prior to sectioning. The brain tissue was cut into 30-μm free-floating coronal sections on a freezing microtome. Every eighth slice was stained using cresyl violet (CV) for evaluation of ischemic cell damage [42] . Images were acquired by a charge-coupled device camera (QImaging, Surrey, BC, Canada) and analyzed using Sigmascan Pro5 (Systat Software Inc., Chicago, IL, USA) as previously described [43] . Infarct volumes were expressed as a percentage of the contralateral hemisphere to correct for edema (Swanson's method) [44, 45] .
Immunofluorescence
Alternating (every other) thirty micron sections (between 1.70mm and -0.82mm from Bregma) were slide mounted and incubated in blocking solution as previously described [43] . Briefly, sections were incubated overnight with rabbit anti-BDNF (1:1000; Millipore) and subsequently incubated for 60 min with a fluorescein-conjugated anti-rabbit secondary antibody. The slides were then dipped in DAPI nuclear stain solution (1:1000; Invitrogen) for 5 min. Images were then visualized using an inverted light Zeiss axiovert fluorescence microscope. BDNF positive cells were counted in a pre-specified region of the ipsilateral striatum (approximately 2.5mm laterally and 2.5mm ventrally from the midsagittal line) and cortical region (approximately 3mm laterally and 2 mm ventrally from midsagittal line) by a blinded investigator in four sections per mouse in 6 mice per group.
ELISA
Serum was collected at harvest, and interleukin-6 (IL-6) (eBiosciences, San Diego, CA) and C-reactive protein (CRP) levels (Life Diagnostics, Inc., West Chester, PA) were assessed by ELISA per the manufacturer's instructions.
Statistical Analysis
All data, except FST, are presented as means ± SEM. FST is presented as mean with maximum and minimum. Effects were considered statistically significant at p ≤ .05. EZM, and FST data were analyzed using a 2 × 3 analysis of variance [19] with surgery and housing condition as between subject factors. A 2 × 3 × 5 repeated-measures ANOVA was used for the OFT with day post-stroke as a repeated measure. Neurological deficit scores were analyzed using the Freidman test, which is a non-parametric alternative to a repeatedmeasures ANOVA. All statistical analyses were conducted using SPSS Statistical Software 16.0 (SPSS, 2011).
When there was no statistical difference between groups, data was collapsed for convenience to the reader (i.e. all sham (SH/SH, SH/ST, SH/ISO) groups were collapsed into a single "Sham" group). Often, the ST/ST group was an intermediate between the ST/SH and ST/ISO group, so the ST/ST and ST/SH groups were combined as a single "Pair-Housed" group to show the effect of isolation. There are no error bars in the OFT for convenience of visualization of trends within and between groups.
Results
Open Field
In experiment 1, there was no significant effect of stroke or housing, and no significant interaction between stroke and housing condition on overall locomotor activity in the OFT [F (1, 49) = . 45 
Elevated Zero Maze
In experiment 1, EZM testing showed no significant main effect of stroke and no significant interaction between stroke and housing condition on locomotor activity [F (2, 52) = .04, p=. 85 and F (2, 52) = .32, p=.73 respectively]. However, there was a significant effect of housing [F (2, 52) = 5.17, p=.001]. A pairwise comparison showed that the mice that were pair-housed with a sham made significantly fewer entries into the open arms than mice that were pair-housed with a stroke, (p= .01), and with mice living in isolation (p <.01) ( Figure  3A) . Overall, locomotor activity assessed by the EZM was lower in mice housed with a sham, yet we observed that locomotor activity was not affected by stroke and is consistent with the locomotor activity seen in the OFT. Figure 3D ). Tukey's post-hoc analysis on housing showed no statistical significance between groups.
51, respectively] (Figure 3B
). There was also no statistical significance of stroke, housing and
Forced Swim Test
In experiment 1, there was a main effect of stroke on mobility in the FST, [F (1, 49) = 8.83, p < .01]. There was significantly less immobility in stroke mice than in sham mice (data not shown), consistent with the hyperactivity seen in previous tests [43] . There was no main effect of housing, [F (2, 49) = .91, p = .41], but a significant interaction between stroke and housing was observed in mobility in the FST [F (2, 49) = 3.70, p < .05]. Using a two-tailed independent variable t-test, there was a significant difference between stroke animals that were PH (ST/SH and ST/ST groups) and isolated stroke animals (ST/ISO), p =.02 ( Figure  4A ). Figure 4B ) showed no main effect of housing or interaction between surgery and housing on immobility [F (2, 44) = 1.03, p = .37and F (2, 44) = 1.60, p = .21 respectively]. Yet, there was an observed significant effect of stroke on FST (data not shown), with immobility being greater in the stroke groups compared to the sham groups [F (1, 44) = 4.17, p = .05], suggesting deficits were mediated by stroke rather than housing manipulations.
Assessment of immobility in experiment 2 (
Histology
At 13 days post stroke, the ischemic damage had evolved into either stable infarcts, glial scarring, or in some cases the tissue had begun to atrophy ( Figure 5 ). Due to these multifaceted outcomes, the volume of infarct or damage is difficult to analyze quantitatively. However, qualitative analysis shows that ST/SH and ST/ST infarcts are stable, whereas ST/ISO brains have more atrophy and enhancement of glial scarring leading to the formation of necrotic cysts in 60% of the brains. ST/SH had no necrotic cysts and ST/ST brains only had cysts 25% of the time. 
ELISA
At 13 days post-stroke, there was no effect of surgery or housing in serum IL- 6 
Neurological Deficit Scores and Mortalities
For experiment 1, ST/SH (χ 2 (2)=11.3, p=.004) and ST/ST (χ 2 (2)=8.2, p=.017) groups recovered faster than the ST/ISO group (χ 2 (4)=10.0, p=.04) in terms of their neurological deficit score. Similarly, in experiment 2, ST/SH (χ 2 (1)=6.0, p=.014) and ST/ST (χ 2 (6)=13.3, p=.038) recovered more quickly than the ST/ISO group (χ 2 (9)=18.5, p=.03).
Mortality was highest in the ST/ISO groups in both experiments (30% in experiment 1; 27% in experiment 2) compared with ST/ST (17% in experiment 1; 11% in experiment 2) and ST/SH (0% in both experiments) supporting the results seen in previous studies [47] .
Discussion
Pre-stroke isolation is detrimental to stroke outcome in both clinical [1] and experimental rodent models [12, 13, 48] . PSD and PSA have been linked to pre-stroke isolation in stroke patients when compared to age matched controls [5, 6] . In this work, consistent with reports in the literature we found that experimental ischemia can induce hyperactivity and anxiety [46] . We found significant effects of stroke on depressive-like phenotypes in the FST, and anxiety like behavior in the OFT. However, few studies have investigated the influence of social isolation after a stroke on depressive-like behavior in experimental models which was the focus of this work. In the present study, we examined the individual and combined effects of stroke and post-stroke social environment on depression-like and anxiety-like behavior in mice. Different stroke social environment paradigms were created by housing mice with a healthy sham partner, an unhealthy stroke partner, or alone in social isolation.
After the acute treatment period, post-stroke care can be given by either a healthy caretaker at home, or the patient can go to a rehabilitation center where he/she often rooms with another unwell patient. It is unknown if the interaction with the caretaker/partner is responsible for the behavioral benefits seen in stroke animals when they are pair housed, and a more detailed assessment of the type of interaction between the pair housed mice is necessary. Therefore, we designed this experiment to separate pair-housed mice into two categories: living with a healthy partner, or living with an unhealthy (stroke) partner to better understand the nature of the potential "social support" given by the partner.
Because of the high prevalence of post-stroke depression in post-stroke patients, it is important to delineate which patients are most susceptible to depression so providers can prevent its occurrence [5] . While there has been a correlation between social isolation and depression, this experiment aimed to elucidate the importance of "perceived" isolation. While a stroke victim may at a nursing home receiving multiple interactions, the quality of those interactions may be lacking, which can lead to perceived isolation. Analysis which demonstrated no effect between stroke mice housed with a healthy partner and stroke mice housed with an unhealthy partner were collapsed into one group, termed "pair-housed".
By testing locomotor activity in the OFT, we were able to ascertain that stroke mice in all cohorts were able to regain overall mobility by day 3. This finding allows us to be comfortable in assuming that mobility did not hinder our other behavioral assays. In the present study, anxiety-like behavior was increased in all stroke mice regardless of housing in experiment 2 in the OFT. However, neither stroke nor housing condition after stroke affected anxiety-like behavior in the EZM, which is a much more sensitive test for assessing anxiety-like behavior than the OFT [49] . Therefore, we conclude that neither isolation nor partner's heath affected measures of PSA, although OFT does show an effect of the stroke itself. Because PSA is seen more often in posterior circulation strokes in clinical populations, the MCAO model may not be ideal to induce these types of deficits [50] .
At day 13 post-stroke, socially isolated stroke mice showed increased depression-like behavior by FST assessment when compared to stroke mice housed with a partner, regardless if the partner is healthy or unwell. This suggests that isolation induces depressive like phenotypes. As there was no "partner effect", we collapsed these two groups into one "pair-housed" group for further analysis. Although all stroke mice exhibit greater mobility than their sham controls, we believe this is non-specific stroke -induced hyperactivity as has been previously reported in mice [46] . The more striking finding was the effect of social isolation in the FST, which suggests that isolation induces depressive-like behavior after stroke. This effect between housing conditions was not seen in isolated mice at day 33 poststroke, perhaps due to more chronic recovery. However changes in BDNF were seen at day 33. It is possible that if animals were challenged the depressive phenotype would be unmasked, which will be evaluated in future studies. Importantly, mice from experiment 2 were not tested on day 13, so a direct comparison cannot be made between the two groups. This potentially "recovered" phenotype may be rodent specific, as mice, unlike humans, tend to recover from even large ischemic injuries very rapidly, a recognized limitation of rodent models. Further, other studies have shown an increase in immobility in socially isolated mice when compared to pair-housed mice that was only seen with repeated challenge, which could explain the lack of a difference in the FST on day 33 post-stroke [51] .
While quantitative analysis of infarct and tissue damage was difficult to assess since ischemic damage progressed through different stages at different rates and was thus highly variable, qualitative analysis exhibited discrepancies in infarct stability and necrotic cyst development between groups. Socially isolated stroke mice formed necrotic cysts as early at 13 days, whereas stroke mice that lived with other mice still showed stable infarcts. At 49 days, necrotic cyst formation was seen in the stroke mice that lived with a cage-mate as well as socially isolated stroke mice. Further, when looking at the neurological deficit scores in both experiments, socially isolated stroke mice show a much slower recovery as compared with stroke mice housed with a partner, which could be attributed to their exacerbated histological damage. Additionally, socially isolated stroke mice were noted to have a high percentage of penile prolapses, suggesting a lack of self-grooming. These may be key attributes leading to increased mortality seen in the socially isolated group. It has been shown that physical contact appears to be necessary to see the complete beneficial effects of affiliative housing [52] .
Clinical findings have shown that inflammatory markers such as IL-6 and CRP play an important role in depression [20] . While early post-stroke histological damage has been demonstrated to be inflammatory-mediated [11] , we found no effect of surgery or housing on key inflammatory markers such as IL-6 and CRP at day 13 post-stroke. Therefore, for our chronic cohort we turned our attention from inflammation to BDNF as a potential mechanism for the improved behavioral recovery due to its involvement in depression, neurogenesis, and environmental enrichment (for a review, see [22, 23] . Because ST/SH have higher BDNF levels in the stroke hemisphere, this could be a potential target for preventing PSD and poor recovery. Studies in rats have shown that chronic antidepressant treatment with monoamine oxidase inhibitors, tricyclics and selective serotonin reuptake inhibitors (SSRIs), enhance neurogenesis [53] . Therefore, administration of an antidepressant post-stroke may prevent PSD and enhance neurotrophic-mediated recovery in patients, especially in patients that are socially isolated after stroke.
Studies have emphasized the importance for individuals to seek out social support to decrease both the risk of stroke, and enhance recovery after a stroke has occurred [13, 54] . While previous studies have demonstrated the detrimental effects of isolation prior to an induced ischemic event, this is the first study to demonstrate that social support after a stroke also enhances recovery, improves histological outcomes, and increases neurotrophin levels. This suggests that the window for intervention may be wider for "social interventions" than for many other current acute stroke therapies. A longitudinal study of BDNF promoter methylation status showed that patients with higher methylation, which leads to lower production of BDNF, was independently associated with PSD [55] . Therefore, treating patients with an antidepressant post-stroke, especially if they are susceptible to perceived isolation, may influence stroke recovery. The translational relevance is high, and if the mechanisms underlying the behavioral benefits of social interaction can be determined, new strategies can be developed to enhance these pharmacologically.
Conclusion
The results of this study suggest that the timing of intervention post-stroke might be crucial to post-stroke recovery. While acute changes may be inflammatory-mediated, chronic recovery may be regulated through a different mechanism. Therefore, inflammatory effects should be targeted for development of acute treatments, whereas chronic treatments should involve the enhancement of BDNF. Whether treatment with anti-depressants can enhance BDNF when administered after injury, and potentially mitigate detrimental effects of isolation (or perceived isolation) will be the subject of future studies.
Highlights
• Isolated mice have exacerbated stroke-induced histological injury compared to pair housed animals
• Locomotion across all stroke mice is equivalent by day 3 in the Open Field Test (OFT)
• Isolation leads to increased immobility in the Forced Swim Test (FST) at 13 days post-stroke
• Pair-housed animals have increased BDNF levels in stroke tissue at 49 days post-stroke compared to isolated cohorts Locomotor activity, measured by the total number of beam breaks the animal makes in the enclosed area, in experiment 1 (A) showed that all groups have similar activity by Day 3 of testing. Anxiety-like behavior in experiment 1 (C), measured by the percent of beam breaks in the center, the lower the percentage the more anxiety-like the behavior, was similar among all groups. Locomotion in experiment 2 (B) was consistent among all groups, except for day 7 post-stroke, where all stroke mice showed an increase in locomotor activity compared to shams (* p<.001). Anxiety-like behavior in experiment 2 (D) was increased in all stroke groups compared to shams on day 7, (# p=.002). There are no error bars in the OFT for convenience of visualization of trends within and between groups. Plots are means with the whiskers being minimum and maximum. On day 13 in experiment 1, isolated stroke mice (ISO) spent more time immobile than stroke mice that were pairhoused (PH), which includes both ST/ST and ST/SH groups, p=.02 (A). However, on day 33 in experiment 2, all stroke mice, isolated and pair-housed, spent a similar amount of time immobile (B). The differences between groups can be visualized in these micrographs of the striatum (D), where BDNF is represented by green, and DAPI marks the nucleus in blue.
